We proposed and demonstrated a new approach to pressed self-perfection by liquefaction (P-SPEL), where a layer of SiO 2 is used as a stopper on one sidewall of gratings, to self-limit the final trench width in P-SPEL to a preset stopper layer thickness, allowing a precise control of the final trench width without the need to control any pressing parameters such as pressure, temperature and the gap between the pressing plate and the substrate. We achieved 20 nm wide trenches from a 90 nm original width, reducing the original trench by 450%. We also observed improvement in the trench width uniformity. Using the fabricated resist trenches as templates, 20 nm metal lines were achieved by lift-off.
(Some figures in this article are in colour only in the electronic version)
As conventional lithography techniques are approaching their limits, either in resolution or in cost, the development of a pathchanging method that improves a nanostructure pattern after its fabrication becomes increasingly significant. Recently, one of such methods, self-perfection by liquefaction (SPEL), has been developed [1, 2] . One form of the SPEL is pressed-SPEL (P-SPEL), where the width of a trench or the diameter of a hole in a material layer (e.g. resist) on a substrate gets reduced to sub-10 nm while the line edge roughness being smoothed out significantly (>200% improvement) and the shape of the hole being perfected into round shape [2] .
But P-SPEL, although offering post-fabrication improvements that cannot be obtained directly in conventional nanofabrication, needs a precise control of the gap between the top pressing plate and the substrate, which in turn determines the final trench width, and needs being well controlled over entire wafer,-all are very challenging. Here, we propose and demonstrate a self-limiting process to P-SPEL, which eliminates the need of such controls. Using the self-limited P-SPEL (SP-SPEL), we achieved 20 nm trenches and lines from initial 90 nm trenches with 3σ line width variation less than 4 nm.
In a SP-SPEL process (figure 1), a stopper layer is first deposited on one of the sidewall of a trench, and followed by pressing at a temperature where the trench material become 1 Author to whom any correspondence should be addressed. soften and can flow (e.g. above the glass transition temperature if a polymer resist). After the pressing, the top of stopper is removed by RIE (reactive ion etching) first and the remaining part is then by HF wet etched. After the removal of the stopper, double sided shadow evaporation of 2 nm thick Cr film was used to cover part of both sidewalls and the top of the grating, followed by removal of the residual resist in the narrow trench using RIE. Figure 2 shows the results of SP-SPEL. In the experiments of testing SP-SPEL, the initial resist on a silicon substrate is NXR-1025 whose glass transition temperature is 55
• C and was patterned into a grating of 200 nm period, 90 nm spacing (trench), and 220 nm height by thermal nanoimprint [3, 4] (Nanonex NX-2000 imprinter, followed by O 2 RIE to remove the residual resist layer). During SP-SPEL, a 20 nm thick SiO 2 stopper layer was evaporated at an oblique angle (shadow evaporation) onto the top and one sidewall of the grating ( figure 2(c) ). The thickness of the stopper determines the final trench width and can be accurately controlled by the crystal sensor (Infinicon deposition controller) in the e-beam evaporator (Temescal BJD-1800) used in this experiment, and the control of the evaporation angle. There are two reasons for choosing SiO 2 as the material of the stopper. (a) SiO 2 has the strong enough mechanical strength to maintain the trench width during the pressing process; (b) SiO 2 can also be easily removed by HF wet etching without affecting the polymer pattern. After the deposition of SiO 2 stopper, the sample underwent P-SPEL, where a top flat plate was pressed on the sample while being heated to 150
• C which is higher than the glass transition temperature of the thermoplastic polymer. Before use, the top plate was RCA cleaned and chemically treated with Nanonex NXT-100 surfactant to avoid adhesion of the polymers to the top plate. The top plate is a 500 μm thick silicon wafer. Since the final trench width is self-limited by the SiO 2 stopper layer thickness, there is no need to precisely control any of pressing parameters, such as the gap between the top plate and the substrate, pressing pressure, temperature and time. In pressing, we used a relative flexible top plate and air cushion press [5] , which makes the pressing conformable to surface and ensures a good pressing over a wafer scale.
After the SP-SPEL, CHF 3 /O 2 based RIE was used to etch away both the SiO 2 and a thin polymer top at an equal rate, the equal rate was achieved by adjusting the composition and flow rate of CHF 3 and O 2 . In this RIE step, there is no etch stop and the RIE etching depth is controlled by controlling the etching time. However, in future a RIE etching end point detection can be used. Furthermore, the exact resist thickness is not very critical in many applications (particularly in the case of a Cr etching layer will be deposited as discussed later). Then HF wet etching was used to remove the remaining vertical SiO 2 stopper, followed by another O 2 RIE to remove the residual resist layer in the reduced trench, exposing the substrate and completing the trench narrowing process.
Furthermore, the patterns in polymers created by SP-SPEL can be transferred into metal lines on a silicon substrate by a lift-off. For the pattern transfer process, double sided shadow evaporation (the shadow angle is 30
• ) was used to deposit a layer of Cr (several nanometers thick) on the top and part of both sidewalls of the polymer trenches to act as a RIE etching mask. Then O 2 RIE was used to etch away the residual resist layer between the two neighboring grating walls (figure 2(e)). Because of the protection of the Cr mask during the RIE etching, the sidewalls of grating after RIE remain very vertical. For the pattern transfer of metal lines, a 10 nm thick layer of Cr was evaporated by an angle that was normal to the silicon substrate, followed by a lift-off process to remove the polymer and the metal, leaving only the Cr lines on the silicon substrate ( figure 2(f) ).
For the duplication of the patterns fabricated with SP-SPEL, we fabricated a thermal imprint mold. The Cr lines on the silicon substrate, made by SP-SPEL, deposition and lift-off, were used as a RIE etching mask for the fabrication of the Si mold. A CF 4 /O 2 /Ar/SF 6 based RIE was used to etch 70 nm deep trenches into Si substrate, followed by a CR-7 wet etching to remove the Cr. After fabrication, the Si mold surface was chemically treated with Nanonex NXT-100 surfactant to avoid adhesion in later nanoimprinting [3, 4] .
By varying the thickness of the SiO 2 stopper, nanotrenches and nano-lines with different width can be fabricated by SP-SPEL on the silicon substrate; we also fabricated 27 nm wide polymer trenches by SP-SPEL and 27 nm wide Cr lines on Si substrate after a lift-off.
Both 20 and 27 nm Cr lines fabricated were used to fabricate Si molds, which were then used to imprint into a thermoplastic resist with good large area uniformity (figure 3). The thermoplastic polymer resist for the thermal nanoimprint was NXR-1025 and the thermal nanoimprint process was operated in Nanonex NX-2000 imprinter at a temperature of 135
• C and a pressure of 250 psi. One major difference between SP-SPEL and other types of SPEL technology is that the SiO 2 spacer is conformally deposited on one sidewall of the trenches in SP-SPEL, which could lead to the same line edge roughness (LER) before and after SP-SPEL. However, surprisingly, we observed that although it indeed cannot improve the high frequency LER of original grating pattern, SP-SPEL can improve the low frequency LER.
For the line edge roughness analysis, we used fractal analysis [6] to analyze the SEM pictures. We also used the method described by Winkelmeier et al [7] , which states that the 3σ for low frequency noise should be operated on longer distance along the line edge than high frequency noise. In our method, using the correlation length ξ [6] , we define 3σ for low frequency noise as for analysis on line edge longer than 6ξ and 3σ for high frequency noise as for short line length which is within ξ . Figure 4 shows the SEM pictures for 3σ LER analysis in three situations: the trench sidewall profile of original lines, just after SiO 2 deposition and before SP-SPEL, and after SP-SPEL. The correlation length ξ for original lines ( figure 4(a) ) is 150 nm and our comparison for two cases was each based on the same length, 150 nm for high frequency noise and 1400 nm for low frequency noise. Figure 5 shows the high frequency 3σ -LER for the original lines, just after SiO 2 deposition and before SP-SPEL, and after SP-SPEL is 4.2 nm, 3.1 nm and 6.0 nm respectively. The high frequency 3σ -LER for original lines and the lines before SP-SPEL and after SP-SPEL are identical within the measurement noise. Moreover, it should be pointed out that the high frequency LER problem in SP-SPEL can be solved by using capped SPEL before a SP-SPEL, especially when there is a need to reduce the high frequency LER. Therefore, to optimize a perfection of nanostructure post-fabrication, different types of SPEL technology should be combined to achieve intended goals. Figure 6 illustrates that the low frequency 3σ -LER for the same three situations is 13.0 nm, 18.6 nm, and 7.2 nm respectively. Therefore, surprisingly, the low frequency 3σ -LER did get improved by ∼181% after SP-SPEL. We think such improvement is due to (a) the SiO 2 stopper is flexible due to its thin thickness (<20 nm), and (b) the flow of a pressured polymer melt may smooth out the low frequency LER.
SP-SPEL can achieve very uniform grating lines over large area. In figure 7 , the trench width was averaged for each single trench and the analytical result was based on 15 trenches from figures 2(b), 3(a) and (b) respectively. The root mean square value of trench width over the 15 samples is 9.9 nm for original gratings. For the gratings imprinted by the mold by SP-SPEL with 20 nm stopper, the value reduces down to 1.3 nm. And for the 27 nm stopper case, the value reduces down to 1.2 nm. We think this improvement in trench width uniformity over large area is due to (a) improvement in low frequency LER of original grating lines and (b) independence on many experimental conditions in SP-SPEL (such as pressing temperature, time and pressure).
Previous fabrication techniques for sub-20 nm trenches and lines include electron beam lithography [8] [9] [10] [11] , extreme ultraviolet interferometry [12] , focused ion beam lithography [13] as well as diblock copolymer lithography [14, 15] . However these methods have limits on cost, throughput, large area uniformity and line edge roughness. SP-SPEL starts from large feature size patterns and hence is a cheaper, faster and larger area lithography tool. In addition, SP-SPEL can improve the low frequency LER. Furthermore, unlike other size reduction lithography methods [16] [17] [18] , the array of polymer trenches and metal lines after SP-SPEL has small line width variation over large area and has the same periodicity as the initial grating. Figures 2(c) and (e) illustrate the maintenance of periodicity before and after SP-SPEL. The period of initial grating is 200 nm ( figure 2(c) ), and remains the same after SP-SPEL (figure 2(e) ).
In conclusion, SP-SPEL eliminates the need to precisely and uniformly control the gap between the top plate and the substrate over the entire wafer, as well as the processing time, pressure and temperature during the P-SPEL process. Using SP-SPEL, we achieved sub-20 nm wide polymer trenches and chromium lines with small line width variation (3σ < 4 nm).
SP-SPEL, which can significantly reduce the trench width beyond what is permitted by conventional methods with an excellent precision and accuracy, has a broad range of applications in semiconductor ICs, nanophotonics, nanobiotech and other disciplines.
